Slickenfiber vein microstructures include a range of quartz morphologies, dominantly blocky to elongate-blocky, but in places euhedral to subhedral; the veins are commonly laminated, with layers of quartz separated by bedding-parallel slip surfaces characterized by a quartzphyllosilicate cataclasite. Crack-seal bands imply incremental slickenfiber growth, in increments from tens of micrometers to a few millimeters, in some places, whereas other vein layers lack evidence for incremental growth and likely formed in single slip events. Single slip events, however, also involved quartz growth into open space, and are inferred to have formed by stick-slip faulting. Overall, therefore, flexural slip in this location involved bedding-parallel faulting, along progressively misoriented weak planes, with a range of slip increments.
opposite shear sense either side of a fold hinge, and development of thickened veins (saddle 25 reefs) at fold hinges (e.g. Ramsay, 1975; Fitches et al., 1986; Tanner, 1989; Cosgrove, 1993) .
26
Geometry and microstructure of vein systems reflect stress and fluid pressure conditions 27 during the fracturing and sealing processes involved in vein formation (e.g. Oliver and Bons, brittle, seismogenic crust (Sibson, 1984; Scholz, 1988) . In the recently suggested continuum of 36 fault behaviors, spanning slip velocities from aseismic creep to regular earthquakes (Peng and 37 Gomberg, 2010), the mechanics of faulting during folding, a form of continuous-discontinuous 38 behavior within the seismogenic zone, may be particularly useful to address the controls on 39 localized versus distributed deformation in the upper crust. (Catuneanu et al., 1998 (Catuneanu et al., , 2005 Fold Belt, the Karoo Supergroup was deposited syntectonically (Catuneanu et al., 1998 (Catuneanu et al., , 2005 .
50
Here, we focus on deformation of the Prince Albert Formation, which is part of the Ecca Group 51 of the Karoo Supergroup.
52
The Prince Albert Formation is the lowermost unit of the Ecca Group. The Ecca Group 53 was deposited in the early Permian (Visser, 1990; Bangert et al., 1999) , and in the southern 54 section of the main Karoo Basin it overlies the Dwyka Group, a glacial diamictite and the 55 oldest group of the Karoo succession (Catuneanu et al., 1998 (Catuneanu et al., , 2005 . The Whitehill Formation, 56 a black, carbonaceous shale, overlies the Prince Albert Formation (Visser, 1992 Fold Belt (Fig. 1) . The folds in the Prince Albert Formation mudstones in this area have 70 previously been briefly described by Fagereng (2012) who noted the presence of chevron folds 71 and abundant bedding-parallel, slickenfiber-coated flexural slip faults (Fig. 2) . Craddock et al.
72
(2007) studied calcite twins within the Prince Albert Formation, and unraveled two distinct 73 deformation events; one of bedding-parallel, north-south greatest shortening, and a second 74 reflecting bedding-oblique, steeply northeast plunging greatest shortening. The first event is 75 consistent with approximate bulk pure shear and associated upright to steeply inclined folding, 76 whereas the second may reflect a subsequent episode of overthrusting (Craddock et al., 2007) . 
Fold Geometry

78
The Prince Albert Formation is characterized by chevron folding at wavelengths ranging 79 from less than a meter to about hundred meters. Folds are defined by folded bedding and 80 associated with an axial planar cleavage. Within the Prince Albert Formation, in the study 81 area, bedding thicknesses are typically ∼ 30 cm, but range from thin laminations (< 1 cm) to 82 thick beds (∼ 100 cm) (Fig. 2a) . Beds are laterally continuous along strike for at least tens 83 of meters, where they have not been truncated by local reverse faults. Beds can further be 84 differentiated into more competent silt-rich, clay-poor units and more incompetent clay-rich, 85 silt-poor units (e.g. Fig. 2b ). Tuff layers are locally present and a few centimeters thick.
86
Bedding surfaces predominantly dip to the north-northeast and south-southwest at angles 87 ranging from 20 • to 80 • , such that fold interlimb angles vary from open to tight (Fig. 3a) .
88
Fold hinge lines are sub-horizontal and plunge gently ESE and WNW (Fig. 3a) . The regional 89 fold axial plane is steeply inclined to the south-southwest, reflected by an axial planar cleavage 90 that varies from subvertical to moderately inclined (Fig. 3a) . In other words, the folds are hinge line, and also plunges gently both ESE and WNW (Fig. 3a) . Fold hinges are commonly 95 angular, forming chevron folds, although more rounded fold hinge zones exist in more clay-rich 96 horizons (Fig. 2a,b ). Slickenlines and slickenfibers (Fig. 2c) (Fig. 3b) , and are thereby approximately orthogonal 98 to the average ESE and WNW trending fold hinge lines (Fig. 3b) . Fault planes containing 99 the slickenfibers are generally bedding-parallel (Figs. 2a,b,3b) , although in places cut upwards 100 through bedding, particularly near fold hinges (Fig. 2a) . Slickenfiber steps indicate reverse 101 shear sense (Fig. 2c) , and reversal in shear sense across fold hinges as expected in flexural slip 102 folds. (Fig. 4) . Some slickenfibre veins are bedding-discordant, and have dip angles in 107 the range 18 • to 83 • , with a median value of 45 -60 • (Fig. 4) . Single slickenfiber veins can be 108 traced along strike for at least tens of meters. Vein thicknesses are variable both along-strike, (Fig. 5b) .
124
Slickenfibers are made up of several macroscopic quartz laminations, and are typically 125 between 5 cm and 10 cm long (Fig. 2c,d) 
Internal Vein Geometry
143
The slickenfiber shear veins are generally composed of multiple layers of quartz and minor (Fig. 7c,d ). Because the veins reflect bedding-parallel shear, wallrock 150 layers parallel to the vein margin (e.g. Fig. 7a ) must have been the bedding surface at some 151 point in time, and can therefore also be interpreted as a slip surface. Consequently, the vein 
156
The overall geometry of the slickenfiber veins is a laminated structure where laminae are 157 separated by shear surfaces (Fig. 6 ). In the classic growth model for slickenfiber veins, this 158 structure is achieved by slip on the shear surfaces, associated dilation in microscopic dilational 159 jogs, and slickenfiber growth as the dilational sites fill with a precipitate, in this case mostly 160 quartz with minor calcite (Fig. 6a) . In the event that slip on the shear surfaces is episodic, 161 crack-seal inclusion bands (Ramsay, 1980 ) may develop (Fig. 6a) . Where crack-seal bands flexural slip folding, as also inferred by Fowler (1996) in chevron folds in Bendigo-Castlemaine,
170
Australia.
171
The microscopic structure of individual vein layers is controlled by several parameters, 
Quartz Morphology
177
Quartz is the dominant vein mineral, and quartz crystal sizes vary from < 10 µm to 178 ∼ 2 mm. The dominant crystal shape is blocky to elongate-blocky grains of variable size ( calcite-dominated laminae (Fig. 7d) .
193
In places, quartz layers contain isolated wallrock fragments, which are bounded by irreg-194 ular surfaces (Fig. 7a,b) , and enveloped by blocky vein quartz. Wallrock is also incorporated 195 into veins along solid and fluid inclusion bands (Fig. 7b,c,f) . In places, these wallrock frag-196 ments contain a cleavage, implying they were incorporated after formation of the axial planar 
Inclusion Band Geometry
202
The inclusion bands are oriented at a high angle to wallrock cleavage, and mimic the shape (Table 7) , an effect of some 222 spacings being significantly larger than the mean, and observed as steps in the cumulative 223 spacing plots (Fig. 8) . The mean spacing ranges from 9 µm to 1 mm, a variation of over The optimal angle for frictional reactivation of a cohesion-less plane is θ * r = 0. for reactivation is at its lowest when the angle θ r between the plane to be reactivated and 258 σ 1 is equal to θ * r (Sibson, 1985 (Sibson, , 1990 ). The required σ 1 /σ 3 ratio increases significantly at 259 angles less or more than θ * r , so that σ 1 /σ 3 required for reactivation is ∼ 50 % greater at angles 260 ± 15 • from θ * r , compared to at θ * r (Sibson, 1990 
266
No faults dipping at less than 15 • were observed in this study ( is unlikely to be a major factor explaining the variation in slickenfiber vein spacing. in these quartz-clay rocks, and lack of optimally oriented discordant faults (Fig. 4) 
where c is the cohesion of the slip surface. For shear surfaces with low cohesion (0.1 MPa)
394
and assuming a tensile strength of 1 to 10 MPa for surrounding mudstone (Lockner, 1995) , but spacing varies by orders of magnitude between transects from different veins (Fig. 8) .
434
The spacing between inclusion bands reflects the sealed crack from each individual crack-
435
seal episode (Ramsay, 1980; Cox and Etheridge, 1983; Cox, 1987 filled, and then a new crack forms adjacent to the sealed crack (Lee and Wiltschko, 2000) .
440
This mechanism would, however, require that vein growth rate can increase during sealing representing tens to hundreds of events (as depicted in Fig. 8 ), but also single slip events 502 of greater magnitude. There is also a possibility that some of these events occurred by a
503
'crack-seal, slip' mechanism as proposed by Petit et al. (1999) . This would imply that slip 504 along shear surfaces, preserved as cataclasites, led to dilatant opening of zones between slip 505 surfaces (as in Fig. 6a ), and these areas were then sealed over time, until a new slip event may 506 have occurred. There is no constraint on reactivation angle relative to σ 3 in slickenfiber veins 507 that lack crack-seal bands reflecting tensile opening in cracks at a high angle to slip surfaces.
508
It is possible, therefore, that slickenfibers formed by this 'crack-seal. slip' mechanism reflect 509 shear under lower contained fluid pressure, at optimal or less unfavourable orientation than 510 the slip by the dilational shear mechanism outlined above. between these slip surfaces (as in Fig. 6a) , and is only possible for the parameters that yield (σ1 − σ3) > 1. For other conditions, shear failure will occur at fluid pressures that are insufficient for concomitant hydrofracturing. 
